Magneto-transport measurements of ferromagnetic MnAs epilayers grown by molecular beam epitaxy reveal the presence of both positive and negative charge carriers. Electrical transport at high temperatures is dominated by holes, and at low temperatures by electrons. We also observe distinct changes in the magnetoresistance associated with the transition between the electronand hole-dominated transport regimes. These results are of direct relevance to MnAs/semiconductor hybrid heterostructures and their exploitation in electronic and optical spin injection experiments.
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Typeset using REVT E X 1 Contemporary interest in hybrid ferromagnet/semiconductor heterostructures is driven by their relevance to "spintronic" semiconductor applications that rely on spin injection from a ferromagnet (or paramagnet) into a semiconductor. 1 In this context, epitaxially grown layers of MnAs -a room temperature ferromagnet -are of active interest since they can be successfully integrated through molecular beam epitaxy (MBE) with technologically relevant semiconductors such as GaAs, 2 Si, 3 and ZnSe. 4 Although the magnetic and structural properties of bulk MnAs samples were initially studied several decades ago, 5 using AC techniques in an external field of up to 14 T, applied perpendicular to the epilayer plane. The temperature-and field-dependent magnetization is measured using a commercial DC superconducting quantum interference device (SQUID) magnetometer. We note that, in all samples studied here, the easy axis of the magnetization is in the plane of the epilayer, but the electrical transport properties within the plane show negligible anisotropy. We begin with a discussion of the Hall effect, first recalling that the Hall resistivity in a ferromagnet is given by:
where R H is the ordinary Hall coefficient, R A is the "anomalous" (or extraordinary) Hall coefficient and M is the sample magnetization. Experimental studies of ferromagnets indicate that the anomalous Hall effect in many systems is well-described by the following empirical ansatz:
wherein the exponent γ is determined by the dominant scattering mechanism, with values ranging from 1 to 2 for the "skew-scattering" and "side-jump" mechanisms, respectively.
11
The constant a is usually considered to be independent of magnetic field and temperature.
We now examine the Hall effect in sample B within this phenomenological context.
At the lowest temperatures in region I (Figs. 2(a), (b) ), ρ xy shows a clearly nonmonotonic magnetic field dependence that has a positive slope at low fields and a negative slope at high fields. We note that in region I, the sample resistivity ρ xx is relatively small ( Fig. 1(a) ). Furthermore, as shown in Fig. 3 (a) , the magnetization saturates beyond B ∼ 2 T. According to Eqs. (1) and (2), the magnetic field variation of ρ xy for B > 2T is then dominated by the ordinary Hall effect, enabling a credible determination of both the sign and concentration of the majority carriers from high field Hall data. Hence, the negative slope of ρ xy (B) at high field indicates electron-dominated transport at the lowest temperatures. As the temperature increases, however, the high field Hall coefficient switches sign, indicating a transition from electron-to hole-dominated transport. We note a correlation between this transition and the MR: the electron-dominated transport at low temperatures is accompanied by a striking positive MR (Fig. 2(b) ). Since the hole contribution to transport increases with temperature, this positive MR decreases, eventually changing sign.
The transition from region I to II is signaled by this change from positive MR to negative MR. In the vicinity of the crossover temperature, the MR has a very weak field dependence (Figs. 2(b) and 2(d)), while at higher temperatures, the MR is negative and relatively small. In addition, the magnetic field dependence of ρ xy in region II conforms to the classic behavior characteristic of single carrier ferromagnetic metals (Fig, 2 (c) ). The standard analysis of the anomalous Hall effect using Eqs. (1) and (2) may then be successfully applied by combining the measured magnetization, magneto-resistance and Hall data. An example of such analysis is seen in Fig. 3(b) where we show the ordinary and anomalous components of the Hall resistivity; such fits yield an exponent γ = 1.8 ± 0.2, consistent with similar observations in other ferromagnets. 11 The rapid increase in resistivity with rising temperature (see Fig. 1(a) ) leads to an increasingly large contribution from the anomalous Hall effect; hence, the determination of R H from Eq. (1) is prone to large errors at higher temperatures. Thus, extracting the sign and density of the carriers from the measurement of ρ xy becomes increasingly difficult with increasing temperature.
As the temperature is increased beyond T ∼250 K, we enter regime III which is characterized by increasingly complex behavior in both the MR and ρ xy as the sample passes through the Curie temperature (Figs. 2(e) and 2(f)). A clear (negative) peak in the high field MR is observed in all four samples near T C , with the peak temperature varying slightly from sample to sample. As the temperature is increased through T C , ρ xy becomes increasingly linear. However, the anomalous contribution still dominates ρ xy in the paramagnetic regime above T C . Since the ordinary and the anomalous Hall effects both vary linearly with B, separation of the two contributions is no longer possible in this regime. Our data suggest that temperature-induced changes in the dominant carrier species (and the accompanying differences in scattering times) are the underlying cause for the observed temperature-variations in MR. A detailed analysis of the MR and the Hall data to extract electron/hole concentration and mobility is beyond the scope of this paper and will be reported elsewhere. 
